The temperature, wavelength, and angle bandwidths in second harmonic generation of focused Gaussian beams in nonlinear crystals are evaluated. Numerical and experimental results are given for ADP as a function of the phase matching angle. These results show higher bandwidths compared with the plane wave case.
Introduction
The efficiency of optical second harmonic generation is determined by interaction parameters such as wavelength, direction of propagation in the crystal, and temperature. The efficiency of the harmonic generation decreases from its optimum value by variation of these parameters from the exact phase-matched values. A question of practical importance in designing SHG schemes is the determination of just how large the variation of these parameters can be tolerated before the SHG efficiency decreases appreciably. Parametric bandwidth (BW) as considered in this paper is defined as the variation of a parameter that causes the harmonic power to drop to one half of its maximum phasematched value.
With the increasing interest in SHG and sum frequency mixing of cw radiation, 1 there is a need to determine the effect of focusing on the parametric bandwidths. Spectral BW and angle BW (sometimes referred to as acceptance angle) were treated in detail recently 2 for the plane wave case using a Taylor series expansion approach based on the sinc function approximation of phase matching of plane parallel waves. A similar approach was also taken by other investigators for specific cases, of angle and wavelength bandwidths, 3 -5 and of temperature BW as well. 3 6 In this paper the wavelength, temperature, and angle bandwidths of SHG of focused Gaussian beams in nonlinear angle phase-matched crystals are evaluated.
The calculation is based on the Boyd and Kleinman theory, 7 which replaces the sinc function approximation by a numerically calculated function h, which contains both focusing and angle phase-matching information. This analysis is applied to a specific example using -the crystal ADP. Theoretical BWs are calculated for which experimental measurements were performed. Some consideration is also given to the rate of temperature tuning, since in many systems angle tuning is undesirable because of beam deviation and displacement (for example, in intracavity SHG). The calculated and experimental BW obtained demonstrate the typical behavior expected for SHG of focused beams in KDP isomorphs.
General Theory
The basic theory for SHG has been developed extensively. For near-field plane parallel interactions the second harmonic power is proportional to the following sinc function:
where is the crystal length, and Ak is the phase mismatch given by
where
= /b,
with the principal parameters defined as b = confocal parameter of the beam, p = double refraction walk off angle, 6 = diffraction half angle, f = focal length, and a = absorption coefficient. The bandwidth information is contained in the function h. Assuming no absorption (a = 0) and assuming the focus is centered within the crystal (p = 0), the expression for h may be simplified 8 to
dx, (6) where x = 1/2(1 -r') is the integration parameter, and
The integral in Eq. (6) can be numerically evaluated using Romberg integration to determine h as a function of the three main parameters A, fl, and a. is the focal parameter and is determined by the crystal length and the focal length of the lens used for focusing the beam. fi contains the walk-off angle information and is a function of X and the nonlinear material. a is the phase mismatch parameter.
The full width at half maximum (FWHM) bandwidth of a is calculated for a given and fi by first determining am such that the function h (t,l,a) is maximized. Then the values +(>am) and a-(<am) are found which reduce the function h,l,a) to half of its maximum value:
From these values the FWHM bandwidth A = aa-is obtained and is then related to the kFWHM bandwidth by
Since the dependence of Ak on a nonlinear parameter X is sometimes complicated, Ak can be expanded in a Taylor series:
where AX is the FWHM bandwidth of the parameter X. By substituting the value AkFWHM determined by Eq. (8) and solving for AX, one has calculated a bandwidth AX of the parameter X, which includes focusing and walk-off. The following evaluation will be concerned with the parameter X representing the wavelength X, the temperature T, and the internal angle 0. Other parameters could be considered, but these three will be regarded as the principal nonlinear parameters of interest. In order to determine the spectral BW of the fundamental wavelength, it is required that the partial derivatives of the wave vector mismatch Ak with respect to the wavelength X be known. Equation (2) can be expressed for type I phase matching in a negative uniaxial crystal as (10) where the extraordinary index is determined from the phase-match angle by
If 
These equations can now be applied to calculate the bandwidths expected for a typical experiment.
To apply the preceeding calculation, the experimental parameters such as crystal length, focal length of the lens, phase-matching angle, etc., which characterize the parametric interaction, are converted into the appropriate parameters and using Eq. (5). Two possibilities for the focusing lens will be considered: first, the optimum focal length, which varies as a function of X and gives the maximum SHG efficiency for each phase-matching angle; second, a fixed focal length lens, which is close to the optimum over a wide range of wavelengths.
Results
The preceding analysis is applied to SHG in a 2.5-cm long ADP crystal at 250C. The focus of the beam is centered in the crystal, and the fixed focal length is taken as 7.5 cm (the optimum at 88.50 and 430 phasematching angles). Index of refraction data for ADP from Zernike 9 provide the necessary Sellmeier equations to describe n(X). The effects of temperature on the index of refraction are taken into account using the data from Phillips.
1 0 These sets of data are then used to calculate values for the first derivatives in Eqs. For the case of AX, the first-order term of the expansion is dominant to the extent that higher order terms can be neglected. The results of the calculations of the wavelength bandwidth using the first-order term are shown in Fig. 1(a) as a function of Om (and X 1 ). AX increases with 0 m and is larger than calculated with the sinc function approximation.
Using the temperature data 1 0 only the first-order terms are important for determining AT. The calculated results of AT vs 0m(X) are shown in Fig.1(b) . AT increases monotonically with Om with values much greater than those usually associated with unfocused SHG.
Finally, AOI is evaluated and is shown in Fig. 1(c) . Unlike AT and AX, the calculation of AOI near 900 phase matching requires the second order expansion terms from Eq. 
These results were also checked experimentally. The radiation of a cw rhodamine 6G tunable dye laser and the 531-nm, 647-nm, 753-nm lines of a Kr laser were frequency doubled in two ADP crystals mounted in a temperature stabilized cells. The z-cuts of the crystals were 650 and 800. The angle bandwidth was determined by accurately rotating the cell using a stepping motor driven rotary mount with a resolution of 0.07 mrad. The dye laser wavelength, having a bandwidth of 0.5 A, was tuned to determine the wavelength bandwidth. To find the temperature bandwidth the temperature of the liquid filled cell, stabilized to 0.10C, was varied very slowly to allow for homogeneous temperature distribution in the crystal. The recollimated and bandwidth is larger than the predicted value. This discrepancy is expected to originate from material and thermal inhomogeneities in the crystal as well as from the finite linewidth of the source. Also, close to 900 phase matching, a behavior, very similar to the predicted, was observed in ADA. These BW predictions are seen to be an improvement over those resulting from the plane parallel theories.
Temperature tuning at 900 results in high efficiency but is relatively slow in scanning. This can be seen from Fig. 1(c) where the temperature bandwidth is minimal at a 90° phase-matching angle. In fact, all the systems employing 900 phase matching use temperature stabilization of the crystal to retain a constant uv power at a constant wavelength. Also, the nearer the crystal to a 900 phase-matching angle, the more prone it is to an efficiency decrease because of self-heating by high average power beams. The farther the phase-matching angle is from 900, the higher the temperature bandwidth is, less temperature stabilization is needed, and the rate at which the wavelength can be scanned is higher because thermal inhomogeneities occurring in the crystal have no severe effect on the efficiency. It should be mentioned that for fast temperature scanning, crystals in the shape of thin rods or thin plates would have much better performance over bulky crystals.
IV. Conclusion
In summary, the hybrid of Boyd and Kleinman's focused Gaussian beam nonlinear interaction theory with a simple Taylor expansion approach to calculating parametric bandwidths produces reasonable results which agree with the observed bandwidths in angletuned SHG. The principal limitation to the extension of this technique to other nonlinear materials is the lack of reliable index of refraction data as a function of X and T. This limitation is especially evident for the more exotic KDP isomorphs, such as ADA and RDP, which are so useful in doubling the longer wavelength portion of the visible spectrum. However, on the basis of strong chemical and crystal similarities, the first-order behavior of these more exotic materials can be expected to parallel closely the behavior of the better characterized ADP nonlinear material which has been calculated in this paper. Simple extensions of this approach would allow calculation of the parametric bandwidths for other materials both uniaxial and biaxial as well as for sum and differences frequency nonlinear interactions.
